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Graphene-MoS, hybrid structures for
multifunctional photoresponsive memory devices

Kallol Roy'*, Medini Padmanabhan’, Srijit Goswami', T. Phanindra Sai',
Gopalakrishnan Ramalingam?’, Srinivasan Raghavan? and Arindam Ghosh'

Combining the electronic properties of graphene? and molyb-
denum disulphide (MoS,)3-¢ in hybrid heterostructures offers
the possibility to create devices with various functionalities.
Electronic logic and memory devices have already been
constructed from graphene-MoS, hybrids’®, but they do not
make use of the photosensitivity of MoS,, which arises from
its optical-range bandgap®. Here, we demonstrate that gra-
phene-on-MoS, binary heterostructures display remarkable
dual optoelectronic functionality, including highly sensitive
photodetection and gate-tunable persistent photoconductiv-
ity. The responsivity of the hybrids was found to be nearly
1x 10" AW " at 130 K and 5 x 102 AW~ at room tempera-
ture, making them the most sensitive graphene-based photode-
tectors. When subjected to time-dependent photoillumination,
the hybrids could also function as a rewritable optoelectronic
switch or memory, where the persistent state shows almost
no relaxation or decay within experimental timescales, indicat-
ing near-perfect charge retention. These effects can be quanti-
tatively explained by gate-tunable charge exchange between
the graphene and MoS, layers, and may lead to new
graphene-based optoelectronic devices that are naturally
scalable for large-area applications at room temperature.

Sensitizing graphene-based field-effect devices to optical exci-
tation can have a strong impact on technologies ranging from
photodetection and photovoltaics to optical modulators and high-
speed data communication. The emphasis so far has been predomi-
nantly on photodetection and improving the optical responsivity, vy,
of graphene!®-%, and other optoelectronic effects such as persistent
photoconductivity (PPC), where electromagnetic excitation shifts
the electrical resistance of the host material to a slowly relaxing
state, have received far less attention. Although PPC is traditionally
observed in compound semiconductors, alloys and heterojunc-
tions?!~2%, such an effect in graphene phototransistors would
readily benefit from strong coupling to light over a wide band of
wavelengths?»%5, high carrier mobility?, gate tunability, miniaturiza-
tion and the ability to pattern over a large area. However, available
reports of PPC in suspended graphene!® or graphene-nanoparticle
composites®® suffer either from uncontrolled environmental effects
or short persistence times.

The intrinsic optical responsivity of graphene is usually poor
(y<1x10 2AW ") (refs 10-12). This has led to composite or
hybrid structures containing graphene that enhance carrier multi-
plication, or gain, by generating multiple charge carriers with a
single photon?*-2, Such hybrid structures are naturally suited for
PPC, because the photogenerated carriers are created externally,
such as in quantum dots?® or chromophores?’, and then transferred

to graphene via electrostatic bending of the bands. The physical sep-
aration of the electrons and holes by the interfacial barrier leads to
long recombination time (7j;gime) i comparison to the transit time
(Tepansie) Of carriers through graphene. Although this has resulted in
large photoresponsivity, to date the PPC in graphene hybrids has
been weak and time-limited to a few tens of seconds.

Being layered semiconductors, several members of the transition-
metal dichalcogenide (TMDC) family, particularly MoS, and WS,,
make natural partners to graphene for optically active hetero-
structures. Strong optical absorption (I x 10" m™') and a visible-
range bandgap (1.9eV and 1.2eV for single- and multilayer
MoS,, respectively’) allow an exceptional photoresponse in
graphene-TMDC heterostructures, with large quantum efficiency
and photocurrent generation”. Because the TMDC can be
mechanically exfoliated down to single molecular layers, ultrathin
binary or multilayered heterostructures with trap-free interfaces
can be formed with a non-invasive physical attachment that
preserves the high carrier mobility in graphene, while facilitating
easy exchange of charge across the interface under the influence
of external electric fields. The uniqueness of MoS,, in addition to
its field-effect properties, lies in the field-dependent nature of its
electronic states, which can be tuned from localized to extended
regimes with the gate voltage®. In this Letter, we show that this
tunability, assisted by the graphene-on-MoS, stacking sequence,
allows a new class of optoelectronic design that not only exhibits
a gigantic photoresponse, but can also facilitate the creation of
programmable charge storage devices.

A typical device architecture is shown in Fig. 1a and a represen-
tative scanning electron microscopy (SEM) image in the inset. We
overlayed single-layer graphene on a multilayer MoS, flake, with
the latter placed on a Si/SiO, substrate with thickness varying from
2 to 10 molecular layers (see Methods for details). The fabrication
technique is the same as that for overlaying exfoliated graphene on
BN microflakes, and provides a trap-free high-quality interface®*.
As a result, carrier mobility w as high as ~1 x 10*cm®> V~'s™"
could be achieved in our graphene devices, which plays a crucial
role in enhancing the gain under photoillumination.

Figure 1b presents the source—drain current I, between contacts
located on the graphene as a function of backgate voltage V, for a
typical graphene-MoS, hybrid device in which the MoS, flake con-
tains approximately five molecular layers (T'= 130 K and source-
drain bias Vy = 0.1 V). Even in the absence of light (black trace
in Fig. 1b), the I;,—V, data were found to be very different from
the usual ‘bell-shaped’ gate characteristics of graphene on insulating
substrates such as SiO,. The saturation of I, with increasing V,
can be understood by correlating with the gate characteristics
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Figure 1 | Device and optoelectronic response. a, Schematic of device architecture. Inset: SEM image of a typical device. The dotted line indicates the outline
of the graphene. b, Black and red solid lines: source-drain current (I,,) versus backgate voltage (V,) for graphene on MoS, in the absence and presence of
light, respectively. Cyan coloured trace: V,-dependent conductance of bare MoS, in the dark. ¢, Gate voltage-dependent photocurrent induction and switching
operation. Vertical shaded columns and blue (dotted) lines indicate the presence of light and application of gate pulses, respectively. d, Schematic of charge
exchange process for V, < V7 (left panel) and positive V, (>V7) (right panel). Red and yellow circles represent electrons and holes in the conduction and

valence bands of MoS,, respectively.

of the underlying MoS, (cyan trace). Being n-type in nature, the
MoS, channel begins populating only for V, > V.. and screens the
backgate from graphene (here Vi is the MoS, conduction
threshold). Typically, V. lies between —10 V and —30 V for most
multilayer MoS, channels that we have measured®, which explains
the absence of the Dirac point (Vp,) for the device in Fig. 1b for
which V. < V.

The device was then illuminated with a red light-emitting diode
(LED, wavelength = 635 nm) at a photoexcitation intensity (P gp)
of 376 fW pm °. The red trace in Fig. 1b represents the variation
of I, with V, when the device was illuminated continuously. Note
that there is a pronounced effect at V, < Vy, where graphene is
heavily hole-doped and MoS, forms a strongly insulating underlayer.
A decrease in I, is observed in the presence of light, where the
absolute magnitude of the photocurrent I, increases as V,, is made
more negative, but reduces to ~0 for V,> V.. The negative sign
of the photoconductivity can be easily understood from the transfer
of the photoelectrons generated inside MoS, to the graphene under
the influence of negative V, (see schematic in Fig. 1d, left panel).
Because graphene is hole-doped, the addition of electrons increases
its resistance R, thereby decreasing I,,. The bands in MoS, stay flat
because of its near-metallic nature when V, > Vi, suppressing the
unidirectional transfer of electrons, and equilibrating the charge dis-
tribution throughout the hybrid (Fig. 1d, right panel).

In Fig. 1c we show the result of three photoillumination cycles.
On turning the LED on, —I, increases sharply and saturates at a
V,-dependent magnitude I3" within a few seconds. However,
switching the light off does not remove the photocurrent com-

pletely; instead it saturates to a new (smaller) magnitude Igf,

indicating long-term negative PPC. The pre-illumination state
(Ip = 0) could be recovered only by a gate voltage pulse that elevates
the Fermi energy momentarily to ~V, thereby equilibrating the
charge distribution. Both Ig" and I§" increase rapidly as V, is
made more negative for fixed illumination power, indicating that
the graphene-MoS, hybrids can be designed to function as versatile
gate-tunable photodetectors as well as optoelectronic switches.

To evaluate the responsivity y of the hybrids, we focus on I3,
which depends linearly on V,, at low biases (<0.05V), but
becomes sublinear at higher bias (Fig. 2a). The variation of I3" is
weak for LED power P pp>10fW um > (Fig. 2c, top-right
inset), which can be attributed to lowering of the in-built electric
field due to a large accumulation of photogenerated carriers®.
The responsivity calculated from y=1I,/P yp at V3, =0.1 V was
found to reach an extremely large value y~ 1 x 10'° AW ™" at
a low excitation intensity (P zp=1fW pm %) and T=130K
(Fig. 2c). The bottom-left inset of Fig. 2c compares the V,
dependence of vy at 130 K and room temperature for a slightly
higher photoexcitation power (P= 6.4 fW pm™?). Under these
conditions, a room-temperature responsivity of ~5 x 10°AW™!
was achieved at V,=—50V (before the gate started leaking),
exceeding the responsivity of graphene-nanoparticle hybrids by a
factor of ~10 (ref. 26).

The large 7y implies a high gain (~4 x 10" at low T,
Supplementary Section S6), which can be verified from the
quantum efficiency 7, recombination lifetime 7. and carrier
mobility w. We estimated 17~ 0.3 from the change in doping of
the graphene following illumination with a known photon flux
(see Methods). The relaxation of I, with change in
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Figure 2 | Photoresponsivity of graphene-MoS, hybrid. a, Dependence of
3" on source-drain bias V,, at two different gate voltages (A =635 nm,
Plep = 376 fW um™2). b, Time trace of photocurrent on light illumination at
V, = —50 V. ¢, Responsivity 7y as a function of illumination power. Dashed
line is a fit of the form A,/(A, + P gp), considering A, and A, as the fitting
parameters. Top-right inset: change in 3" (V,, = 0.1V) with LED power.
Bottom-left inset: comparison of low-temperature and

room-temperature responsivity.

photoexcitation estimates ;.. to be ~1 s (Fig. 2b), although at
long times the relaxation often becomes logarithmic. Thus, usin§
uA1x10*cm* V7' s7!, we obtain a gain of ~5 x 10'°-10 x 10",
in good agreement with the experimental result. The trap-free
heterojunctions in the graphene-MoS, hybrids play key roles in
enhancing the responsivity, by allowing (1) larger carrier mobility
(and hence a low transit time) in graphene and (2) unhindered
transfer of the photogenerated electrons from MoS, to graphene
under the gate electric field.

The PPC was investigated in more detail in a different device
with approximately the same thickness of MoS, (Vp~ —10V,
Vp = —8V), and is illustrated in Fig. 3. To focus on the time evol-
ution of I3 and also to demonstrate the switching action, we used
pulsed illumination from a white LED (pulsewidth ~0.1 s) where
the illumination intensity is represented by the current I} ., used
to excite the LED (when I zp=>5mA, P gy~ 50 pW wm ).
Within the experimental range of I ;p, IST as large as ~5% of the
pre-illumination current (I,) was observed in the strongly hole-
doped regime and at low temperatures (7= 110 K, Fig. 3a). As
expected, the illumination has no measurable effect when V,
approaches V. The ‘light set-voltage reset’ cycles could be per-
formed over days with better than 95% accuracy in recovering the
persistent state current. I3 could also be tuned by the photoexcita-
tion intensity, which not only affects the overall magnitude of Igf,
but also the nature of its relaxation in time (Fig. 3b). For stronger
illuminations (I zp, > 50 pA) the relaxation is initially (f <100 s)
logarithmic, but becomes nearly constant at longer times. This is
shown in Fig. 3c by the relaxation of persistent state resistance
following a 200 wA pulse. Almost no relaxation was observed
for low I gy (<20 pA), implying almost perfectly non-volatile
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Figure 3 | Gate- and intensity-dependent switching and relaxation.

a, Evolution of the switching effect as a function of V,. For all traces,
liep =10 pA. b, Switching with different light intensities at V, = —40 V.
¢, Transition from logarithmic decay to nearly relaxation-free state after
photoexcitation with an LED current of 200 A for 0.1s. Solid lines are
guides to the eye. Inset: persistent state over a long timescale (~12 h).
d, Nearly relaxation-free nature of persistent states at three different
gate voltages.

charge retention. The non-volatility was found irrespective of the
gate voltage, even though the absolute magnitude of I3" may
differ (Fig. 3d), and remains unchanged over the maximum
duration used in our experiments (exceeding 12 h, inset of Fig. 3c,
I zp = 5 pA for 30 ms).

Our control experiments with either MoS, or isolated graphene
show no evidence of PPC, implying that the observed phenomenon
is an intrinsic property of the hybrids (Supplementary Section S2).
Assemblies of carbon-based nanomaterials, in particular composites
of carbon nanotube and light-absorbing polymers, have also dis-
played the external tunability of the PPC (refs 31-34). The finite
I3 in these devices has been attributed to the presence of a gate
electric field that resists electron-hole recombination. However,
the PPC in our case is a combined effect of carrier localization in
MoS, (ref. 4) and the directionality of the gate electric field (sche-
matic in Fig. 4a). The former can naturally lead to a logarithmic
relaxation in PPC (ref. 23), as seen for strong illumination and
shorter times (Fig. 3c). To verify this quantitatively for our case,
we used the V, dependence of IS (Fig. 4b, top-left inset), and cal-
culated the excess electron density in graphene from the gate-voltage
shift AV, in the persistent state (Fig. 1b, inset). Assuming an
activated recombination probability and linear band structure
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Figure 4 | Persistent photoconductivity mechanism. a, Schematic showing evolution of the electron-hole distribution in the system as a function of time.

t =0 corresponds to application of the light pulse. The light grey arrow indicates the direction of the electric field for negative gate voltages. b, Effective gate
voltage shift (AV,) versus m. Top-left inset: percentage change in photocurrent I as a function of V,. Error bars are calculated from measurements in
multiple cycles. Bottom-right inset: illustration of the switching cycles of a graphene-MoS, device, where the MoS, is two layers thick.

for graphene, AV, can be expressed as (see Supplementary equation
(S9) and Supplementary Section S3 for detailed derivation)

AV, o< exp[B,/|V, — V]

where B = hvg,/(mC,,/e)/kyT. Here, C, is the effective capa-
citance between the silicon backgate and graphene, and vy is the
Fermi velocity in graphene. The exponential increase in AV, with
Vg — V|2 is clearly observed for different intensities of photo-
excitations in Fig. 4b. Experimentally, we obtain 8~ 1.1, which is
within a factor of approximately two of the theoretically expected
B for a 285 nm SiO, dielectric.

The deviation from the logarithmic relaxation at longer times, as
well as the non-volatility under low-intensity illumination, can be
attributed to the potential barrier (~0.8 eV for a 5nm MoS,
film at V,= —50 V) to electron-hole recombination arising from
the graphene-on-MoS, device architecture. Unlike the graphene-
nanoparticle hybrids®®, where the light-sensitive nanoparticles
were placed on the exposed surface of the graphene, thereby
eliminating any significant effect from the gate electric field on
charge exchange, the present arrangement allows greater operational
versatility allowing, for example, inverted stacking or multilayers.
The importance of the electric field-induced barrier can be readily
observed in the strong suppression of both photoresponsivity and
PPC (to <0.5% at 130 K) when the number of layers in MoS, is
reduced to two, that is, to a thickness of ~1.5nm (Fig. 4b,
bottom-right inset). This also eliminates any role of impurities or
surface contamination in the observed photoresponse. Additional
effects of the gate electric field, such as bipolarity of the photocur-
rent, are described in Supplementary Section S1. The drop in photo-
response in bilayer MoS, also suggests that optimization of MoS,
thickness will be required to maximize the photosensitivity and pre-
serve the flexibility of the hybrids for eventual device applications.

In summary, graphene-MoS, hybrids are emerging as highly
sensitive gate-tunable photodetectors and optical switches. Our
recent experiments indicate that even chemical vapour deposition
(CVD)-grown graphene laid on thin MoS, films shows these
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effects over a wide range of temperature, including ambient con-
ditions (Supplementary Section S4). However, the photoresponsiv-
ity of these devices was significantly lower, presumably due to a
factor of ten lower mobility of the CVD graphene used in our exper-
iment. Nevertheless, the demonstrated remarkable stability and tun-
ability make these promising for a new class of scalable
optoelectronic memory devices.

Methods

Transfer procedure for laying graphene on MoS,. We followed a procedure similar
to that of Zomer and colleagues®. A piece of glass was covered with transparent tape
and coated with a polymer such as poly(methyl methacrylate) (PMMA) or 9 wt%
ethyl lactate (El 9). Graphene was then exfoliated onto this substrate. Separately,
MoS, was transferred onto an Si/SiO, substrate by standard mechanical exfoliation
and placed on the micromanipulator stage of an MJB3 mask aligner with a custom-
built heater. The graphene flake, now on a transparent substrate, was positioned
upside down and aligned with the MoS, flake using the microscope of the aligner.
The two were brought into contact at an elevated temperature (T > 100 °C), as a
result of which graphene, together with the polymer, was transferred onto the MoS,.
The polymer was later washed off with acetone.

Device fabrication and measurement. Once transferred onto MoS,, graphene
(exfoliated or CVD-grown) was etched into a desired shape by oxygen plasma.
Contacts were drawn using standard electron-beam lithography, and metallization
was carried out with Ti/Au (15 nm/45 nm) or Cr/Au (15 nm/45 nm). In devices
where contacts were also required on the MoS,, Au was used as the contact metal.
The layout of the electrical leads was designed to measure four- or two-probe
current-voltage characteristics. The devices were loaded onto a variable-temperature
cryostat, and photoillumination was carried out with well-calibrated commercial
LEDs through a collimating optical window. In pulsing experiments, the transient
spikes in I;, following the gate pulses were removed throughout.

Quantum efficiency estimation. To calculate ) we used a photoillumination power
(Pgp) of 1 fW um ™ * (A = 635 nm), which corresponds to a photon flux (®}) of
32x 10" m %s ' In 1s, I, reached ~80% of its saturation value (Fig. 2b). At
Vy= —50 V for the mentioned Py, 0.8 X I, corresponds to a change in V,, of
1.3 'V, which can be extracted from the I;,— V, curve using the scheme shown in the
inset of Fig. 1b (V4,= 0.1 V). For 285-nm-thick SiO,, the change in carrier density
(An) with the change in Vy (AVg) can be written as An=7.7 x 10" x AVg m 2
These numbers give a quantum efficiency 1 of ®p/An ~ 32%.
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